Medullary thyroid cancer (MTC) is often resistant to standard therapies, emphasizing the need for the development of other treatments. A new histone deacetylase inhibitor, AB3, can effectively inhibit MTC cell proliferation in vitro. However, its poor aqueous solubility and stability, fast clearance, and lack of tumor targeting ability limit its in vivo application. Therefore, multifunctional unimolecular micelles were developed for targeted delivery of AB3 for MTC therapy. The unimolecular micelles exhibited a spherical core-shell structure, uniform size distribution, and excellent stability. AB3 was encapsulated into the hydrophobic core of the unimolecular micelles, thus significantly enhancing its aqueous solubility and stability. KE108, a somatostatin analog possessing high affinity to all five subtypes of SSTR, was used as an MTCtargeting ligand. In vitro cellular uptake analyses demonstrated that the KE108 exhibited superior targeting ability in MTC cells compared to octreotide, the first clinically used somatostatin analog. Moreover, the AB3-loaded and KE108-conjugated unimolecular micelles exhibited the best efficacy in suppressing MTC cell growth and tumor marker expression in vitro. Furthermore, AB3-loaded, KE108-conjugated micelles demonstrated the best anticancer efficacy in vivo without any apparent systemic toxicity, thereby offering a promising approach for targeted MTC therapy.
Introduction
Medullary thyroid cancer (MTC) is a neuroendocrine tumor that arises from the calcitoninproducing C-cells of the thyroid. While MTC accounts for only 5% of all thyroid cancers, it causes approximately 14% of all deaths from thyroid cancers 1, 2 . Surgery at a relatively early stage remains the only potential cure for MTC 3, 4 . Despite complete surgical resection, more than 50% of patients with MTC will have persistent or recurrent disease 5 . More importantly, MTC liver metastases are almost always small and widely distributed throughout the liver, precluding curative surgical resection 6 . Unfortunately, there are no effective treatments for patients with MTC liver metastases and/or widely metastatic diseases 7 . Thus, there is an urgent need for new treatment modalities for metastatic diseases.
Our previous studies showed that the inhibition of histone deacetylases (HDACs) triggered activation of Notch signaling and induced cell cycle arrest and apoptosis, leading to MTC cell growth suppression 7 . HDAC inhibitors have emerged as a new type of anticancer agent. Up to now, there have been three FDA-approved HDAC inhibitors, including SAHA 8 , PXD-101 9 , and natural product FK228 10 . AB3, a new synthetic HDAC inhibitor identified by Tang et al. 11 , was easily prepared by condensing commercially available paramethoxybenzaldehyde with a known bifunctional reagent, which has a six methylene carbon tether between a hydrazide and a hydroxamic acid. We have demonstrated that AB3 can effectively inhibit MTC proliferation and suppress the expression of tumor markers, thereby making it a promising candidate as an anticancer drug for MTC treatment 7 . However, AB3, like most of the anticancer drugs, has poor aqueous solubility and stability, experiences fast in vivo clearance, and lacks in vivo tumor-targeting capabilities when administered systemically, thus limiting its application.
Drug nanocarriers have been wildly explored to overcome the limitations of conventional drugs, including poor solubility in aqueous media, inadequate stability, and lack of selectivity for tissues/cells [12] [13] [14] . Particularly, drug nanocarriers are attractive for targeted cancer therapy due to their passive (via the enhanced permeability and retention (EPR) effect) and active (via cell-specific ligand conjugation) tumor-targeting capabilities [13] [14] [15] . Among the various drug nanocarriers, polymer micelles, exhibiting a core-shell structure, have been extensively studied. Hydrophobic payloads can be readily encapsulated into the hydrophobic core of the micelles through hydrophobic interactions as well as hydrogen bonding, while the hydrophilic shell provides micelles with excellent aqueous dispersibility [16] [17] [18] . Typically, polymer micelles are formed by the self-assembly of multiple linear amphiphilic block copolymers. However, one major concern with these conventional polymer micelles is their stability due to the dynamic nature of the self-assembly process. The in vivo stability of these self-assembled micelles can be affected by the concentration of the amphiphilic block copolymer molecules (critical micelle concentration), pH, ionic strength, temperature, or their interaction with serum proteins [19] [20] [21] . Premature rupture of these drug nanocarriers during circulation can cause a burst release of payloads into the bloodstream, which can cause potential systemic toxicity and surrender their tumor-targeting ability, thereby limiting their in vivo applications. Unimolecular micelles-formed by individual multi-arm star amphiphilic block copolymers-have been investigated to overcome this problem [22] [23] [24] [25] [26] [27] . Because of their covalent nature and unique chemical structure, properly engineered unimolecular micelles can possess excellent in vivo stability. Moreover, due to their excellent chemical versatility, these unique unimolecular micelles have been successfully functionalized with different targeting ligands (e.g. small molecules, peptides, antibodies, and aptamers) and imaging probes (e.g., dyes, radioisotopes, etc.) [27] [28] [29] [30] .
The majority of MTCs overexpress five subtypes of somatostatin receptors (SSTR 1-5) 24, [31] [32] [33] . KE108 peptide is a somatostatin analog displaying strong binding affinities to all five subtypes of SSTRs. Our recent report demonstrated, for the first time, that KE108, a true pansomatostatin synthetic nonapeptide, can be used as an efficient SSTR-targeting ligand for targeted carcinoid cancer therapy 34 . In this study, we aimed to develop multifunctional unimolecular micelles for targeted MTC treatment (Figure 1 (A) ). KE108 or octreotide (OCT) as an MTC-targeting ligand was conjugated to the unimolecular micelles. OCT peptide is the first somatostatin analog used in clinic 35 . However, it only displays a high binding affinity to SSTR2, and a moderate affinity to SSTR5, but has very little affinities to the other three SSTR subtypes (i.e., SSTR1, SSTR3, and SSTR4) [36] [37] [38] . Our studies demonstrate that, in comparison to OCT, KE108 was much more effective in enhancing the cellular uptake of micelles in MTC cells. AB3 was encapsulated into the hydrophobic core of the unimolecular micelles. AB3-loaded and KE108-conjugated unimolecular micelles were much more effective at suppressing MTC cell growth and tumor marker production. Moreover, in vivo studies demonstrated that the AB3-loaded and KE108-conjugated micelles exhibited the best antitumor efficacy, thus offering a promising approach for targeted MTC therapy. 3 /Cy5/KE108 and PAMAM-PVL-PEG-OCH 3 /Cy5/OCT PAMAM-PVL-PEG-OCH 3 /Cy5/KE108 and PAMAM-PVL-OCH 3 /Cy5/OCT polymers were synthesized following the scheme shown in Figure 1 (B). Detailed experimental procedures can be found in the Supplementary Materials. All of the intermediates and final polymer products were fully characterized by 1 H NMR ( Figure S1 and S2 in the Supplementary Materials), Fourier transform infrared (FT-IR) spectroscopy ( Figure S1 ), and gel permeation chromatographer (GPC , Table S1 ).
METHODS

Synthesis of PAMAM-PVL-PEG-OCH
Preparation of AB3-Loaded Unimolecular Micelles
To prepare the AB3-loaded targeted (i.e., KE108-conjugated) unimolecular micelles, AB3 (5 mg) and PAMAM-PVL-PEG-OCH 3 /KE108 (20 mg) were dissolved in acetonitrile (3 mL). Thereafter, DI water (9 mL) was added dropwise into the solution. The resulting mixture was stirred for 4 h at room temperature before acetonitrile was fully removed by rotary evaporation. The final AB3-loaded targeted unimolecular micelles were obtained after freeze-drying. The AB3-loaded non-targeted unimolecular micelles were prepared following a similar method using the PAMAM-PVL-PEG-OCH 3 polymer instead. The AB3 drug loading level, defined as the weight percentage of AB3 in the AB3-loaded unimolecular micelles, was measured by UV-vis spectroscopy at 293 nm.
In Vitro Release of AB3 from AB3-Loaded Unimolecular Micelles
The release profiles of AB3 from AB3-loaded micelles were studied in a glass apparatus at 37 °C in a release medium at pH 5.3 or 7.4 39 . Briefly, AB3-loaded unimolecular micelles (5 mg) dispersed in a medium (5 mL) were enclosed in a dialysis bag with a molecular weight cut-off of 2 kDa. The dialysis bag was immersed in 50 mL of the release medium and kept at 37 °C under a horizontal laboratory shaker at 100 rpm (Thermo Scientific MaxQ Shaker, USA). At specific time points, 3 mL of release media were collected and replaced by the same volume of fresh media. The amount of released AB3 was analyzed by a UV-Vis-NIR spectrophotometer at 293 nm.
Quantitative Real-Time PCR of SSTR 1-5 Receptors in TT Cells
The mRNA expression levels of SSTRs in TT cells were measured by qRT-PCR. RNA was isolated and transcribed into cDNA following a protocol published previously 40 . A qRT-PCR reaction was performed using a CFX Thermal Cycler and SsoFast EvaGreen labeling system (Bio-Rad) at conditions described earlier 41 on three biological replicates. The SSTR 1-5 primer sequences were as follows: SSTR1 forward, 5′-ATGGTGGCCCTCAAGGCCGG-3′ and reverse, 5′-CGCGGTGGCGTAATAGTCAA-3′; SSTR2 forward, 5′-CCAACACCTCAAACCAGAC-3′ and reverse, 5′-CATAGCCAAGAAAGGCAGAC-3′; SSTR3 forward, 5′-TCATCTGCCTCTGCTACCTG-3′ and reverse, 5′-GAGCCCAAAGAAGGCAGGCT-3′; SSTR4 forward, 5′-ATCTTCGCAGACACCAGACC-3′ and reverse, 5′-ATCAAGGCTGGTCACGACGA-3′; SSTR5 forward, 5′-CCGTCTTCATCATCTAACACGG-3′ and reverse, 5′-GGCCAGGTTGACGATGTTGA-3′. The s27 primer sequences were as follows: forward, 5′-TCTTTAGCCATGCACAAACG-3′ and reverse, 5′-TTTCAGTGCTGCTTCCTCCT-3′. The mRNA expression levels of the SSTRs in MZ-CRC-1 cells were measured following a similar procedure 34 . Both TT and MZ-CRC-1 are human MTC cell lines.
The cycle numbers obtained at the log-linear phase of the reactions for target genes were normalized to housekeeping gene s27 from the same sample measured concurrently. Finally,
Cellular Uptake Analyses
The cellular uptake behaviors of the micelles in a human MTC cell line (i.e., TT) were analyzed using both flow cytometry and confocal laser scanning microscopy (CLSM). Multi-arm star amphiphilic block copolymers PAMAM-PVL-PEG-OCH 3 /Cy5/KE108, PAMAM-PVL-PEG-OCH 3 /Cy5/OCT, and PAMAM-PVL-PEG-OCH 3 /Cy5 were dissolved in the cell culture medium directly to form the KE108-conjugated, OCTconjugated, and non-targeted micelles, respectively. For flow cytometry analyses, cells were seeded in 6-well plates (3×10 5 cells/mL) and incubated overnight. Cells were treated with KE108-conjugated, OCT-conjugated, or non-targeted micelles (100 μg/mL). The culture medium was used as a blank control. After 2 h of incubation, the cells were washed with PBS and lifted using a non-enzymatic cell dissociation solution. The cellular uptake of the micelles based on Cy5 intensity was analyzed using a FACS Calibur four-color analysis cytometer (Becton Dickinson, San Jose, CA) and FlowJo analysis software (Tree Star, Inc., Ashland, OR). A minimal of 1×10 5 cells were analyzed for each sample. The cellular uptake of the micelles in WI-38 (pulmonary fibroblasts), a cell line that does not overexpress SSTRs, was studied following similar procedures using flow cytometry and was used as a negative control. For the CLSM studies, cells were seeded (1×10 5 cells/mL) onto 96-well high-optical-quality plates and incubated overnight. Cells were treated with either KE108-conjugated (i.e., targeted) or non-targeted micelles (100 μg/mL). After 2 h of incubation, the cells were washed with PBS, fixed with 1.5% formaldehyde for 15 min, and washed with DI water. Then the cells on the optical plate were mounted with Prolong Gold anti-fade reagent with DAPI (Life Technologies, Carlsbad, CA) and the images were taken under a Nikon A1R-Si high-speed spectral laser scanning confocal inverted microscope (Nikon, Melville, NY) with NIS-Elements BR Software.
Cell Proliferation Assays
The cytotoxicity of free AB3 and AB3-loaded micelles with or without KE108-targeting ligands on two human MTC cell lines (i.e., TT and MZ-CRC-1) was assessed using MTT assays. Cells were plated on 96-well plates and incubated overnight. Cells were treated with pure medium, free AB3, AB3-loaded targeted and non-targeted micelles, and empty targeted and non-targeted micelles (AB3-free micelles). The equivalent AB3 concentration for all AB3-loaded micelles was 3 μM 42 . The cells were then incubated for 24, 48, and 96 h, and the MTT assay was performed at each time point using a standard protocol 26 . The plates were then measured at 570 nm using a spectrophotometer (Quant, Bio-Tek Instruments, Winooski, VT). The percent of cell viability relative to the control (pure medium) was calculated.
Tumor Marker Expression Assays
MTC marker expressions, including achaete-scute complex-like 1 (ASCL-1) and chromogranin A (CgA), were assessed using Western blot analyses. Cells were seeded in 100 mm culture plates and incubated overnight. Cells were then treated with pure medium, free AB3 (3 μM), or AB3-loaded, KE108-conjugated targeted and non-targeted micelles. The equivalent AB3 concentration for all AB3-loaded micelles was 3 μM. After incubation for 48 h, proteins were harvested according to a previously described protocol 31 . Protein concentrations were determined by a bicinchoninic acid assay (Thermo Scientific, Waltham, MA). The protein lysates (20 μg) were denatured and resolved on 10% SDS-PAGE gels. Protein bands in the gel were then transferred to a nitrocellulose membrane and incubated with the appropriate primary antibody with dilutions as follows: 1:2000 for ASCL-1, 1:1000 for CgA, and 1:1000 for β-actin. Membranes were incubated overnight at 4 °C and then washed with buffer (1×PBS, 0.05% Tween 20) . Horseradish peroxidase-conjugated goat, anti-rabbit, or anti-mouse secondary antibodies were used for secondary incubation. Proteins were then visualized with chemiluminescent substrates Immunstar (CgA and β-actin) or Femto (ASCL-1). The quantitative analyses of the protein expression of ASCL1 and CgA were done using ImageJ bundled with Java 1.8.0_77 (http://imagej.nih.gov/ij/).
In Vivo Anticancer Study
Four-week-old male athymic nude mice were obtained from Charles River (Wilmington, Maryland, USA). A subcutaneous MTC tumor xenograft model was established by subcutaneously implanting 1×10 7 TT cells in 200 μL of Hanks balanced salt solution (Mediatech, Inc, Manassas, Virginia, USA) into the left flank of each mouse. Ten days after inoculation, TT-tumor-bearing mice were randomly divided into six treatment groups (6 mice/per group). The six groups of mice were treated with saline (control), free AB3, AB3-loaded non-targeted micelles, AB3-loaded, KE108-conjugated targeted micelles, empty nontargeted micelles, and empty KE108-conjugated targeted micelles at the equivalent AB3 dose of 20 mg/kg BW. Each treatment group received five intravenous injections every five days. Tumor volumes were measured by a caliper and then calculated by the modified ellipsoidal formula: Tumor volume = (length × width 2 ) / 2. At the end of the experiment, mice were sacrificed and postmortem examination of the lungs, liver, heart, and spleen were performed to confirm that there was no evidence of metastases or tumor growth outside of the inoculation site. All major organs, including the liver, brain, heart, and leg muscles, of the mice treated with AB3-loaded targeted micelles were collected and hematoxylin and eosin (H&E)-stained sections were prepared for pathological assessment. All experimental procedures were carried out in compliance with our animal care protocol (M01474-0-01-09), which was approved by the Animal Care and Use Committee of the University of Wisconsin-Madison.
Statistical Analysis
Weights and volumes were compared between groups using an analysis of variance (ANOVA) with pair-wise comparisons performed using Fisher's protected least significant difference tests. Data were log-transformed prior to analyses to better meet the assumptions of the ANOVA. P-values less than 0.05 were considered to be statistically significant.
RESULTS
The synthesis of multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-OCH 3 / Cy5/KE108 or PAMAM-PVL-PEG-OCH 3 /Cy5/OCT was carried out following Figure 1 (B). First, PAMAM-PVL-OH was prepared by the ring-opening polymerization of valerolactone (VL) using PAMAM-OH (G4, 64 -OH terminal groups) as a macroinitiator. The terminal -OH groups of PAMAM-PVL-OH were then converted into -COOH by reacting with succinic anhydride to form PAMAM-PVL-COOH. Thereafter, two types of PEG (namely, OH-PEG-OCH 3 and OH-PEG-NHS) were conjugated onto the PAMAM-PVL-COOH via an esterification reaction. The NHS functional groups were used subsequently to conjugate the targeting ligand (KE108 or OCT) and Cy5 dye. All of the intermediates and final products were fully characterized by 1 H NMR, FT-IR and GPC analyses as shown in Supplementary Materials.
The resulting multi-arm star amphiphilic block copolymers formed stable unimolecular micelles in an aqueous solution. The hydrophobic core of the micelles allowed for the encapsulation of the hydrophobic drug AB3 through hydrophobic interactions and hydrogen bonding, thereby enhancing the water solubility and stability of AB3. Peptides KE108 or OCT on the surface of the unimolecular micelles provided the micelles with specific SSTR targeting abilities. The effects of KE108 and OCT targeting ligands on the cellular uptake of the micelles were studied and will be discussed later. The Cy5 dye conjugated onto the micelles allowed for the visualization of the micelles. The average hydrodynamic size of the unimolecular micelles measured by dynamic light scattering (DLS, Figure S3 (A)) was 58 nm (PDI = 0.114). The unimolecular micelles showed a spherical morphology with a clear core-shell structure under transmission electron microscopy (TEM, Figure S3 (B) ). The drug-loading level and drug-loading efficiency of AB3-loaded unimolecular micelles were 15.1% and 76.6%, respectively.
The in vitro drug release profiles are shown in Figure 2 . A clear pH-dependent drug release behavior was observed. At pH = 7.4, only 15% of AB3 was released after 5 days. In contrast, at pH = 5.3, a relatively rapid drug release rate was observed with 59% of AB3 being released after 5 days. The pH-dependent drug release behavior could be possibly due to the fact that the hydrophobic core of the micelle, within which AB3 was encapsulated, was made of PVL, a member of the polyester family, which can be hydrolyzed faster under acidic conditions, thereby leading to a faster drug release [43] [44] [45] [46] . Swelling of the PAMAM in an acidic condition due to the protonation of the 62 tertiary amine groups in an acidic condition could be another possible reason [47] [48] [49] .
The efficacy of KE108 as an SSTR-targeting ligand for MTC cells was evaluated first in vitro. As shown in Figure 3 (A), two MTC cell lines (TT and MZ-CRC-1) have high expression of all five SSTRs except for SSTR4. To test whether KE108 has a superior targeting compared to OCT, TT cells were treated with either non-targeted (without any targeting ligand) unimolecular micelles or unimolecular micelles conjugated with either KE108 or OCT. Based on the fluorescent intensity of the Cy5 dye conjugated on the micelles, the cellular uptake of the micelles was measured by flow cytometry. As shown in Figure 3 (B), OCT-which has a high affinity for SSTR2, a moderate affinity for SSTR5, and very little affinity to SSTR1, SSTR3, and SSTR4-increased the cellular uptake of the micelles 4-fold compared with non-targeted micelles. The KE108 peptide, on the other hand, has a high affinity for all 5 subtypes of SSTRs (SSTR 1-5) and thus was expected to display much better targeting efficacy than OCT. Indeed, the intracellular uptake of the KE108-conjugated micelles was 50 and 15 times higher than that of the non-targeted micelles and OCT-conjugated micelles, respectively. To further demonstrate the specific SSTR targeting ability of KE108, the cellular uptake behavior of the unimolecular micelles in a WI-38 cell line (pulmonary fibroblasts), that does not overexpress SSTRs, was also studied and no differences were observed in the level of cellular uptake between the KE108-conjugated, OCT-conjugated, or non-targeted micelles (Figure 3 (C) ). These findings indicate that MTC cells overexpressing SSTRs on their surface exhibited an increased intracellular uptake of KE108-conjugated micelles through the SSTR-mediated endocytosis process. Furthermore, KE108 peptides exhibited a much more superior SSTR-targeting ability than OCT due to its high affinity for all five SSTR subtypes (SSTR 1-5).
The targeting ability of KE108 was further confirmed by CLSM analyses (Figure 4) . As expected, targeted (KE108-conjugated) unimolecular micelles exhibited significantly higher cellular uptake than non-targeted micelles, manifested by much stronger red Cy5 fluorescence. Moreover, both non-targeted and targeted micelles accumulated preferentially in the cytoplasm of the cells because nanoparticles were taken up via an endocytosis process 23 . Overall, the greater cellular uptake of the targeted micelles compared to the nontargeted ones revealed that the KE108-targeting ligand was effective at promoting SSTRmediated endocytosis. In contrast, non-targeted micelles were taken up through non-specific endocytosis.
To further demonstrate the superior targeting ability of KE108, the anti-proliferative efficacies of AB3-loaded micelles were evaluated in MTC cells (i.e., TT and MZ-CRC-1). As shown in Figure 5 (A) and (B), at each time point (24, 48 , or 96 h), AB3-loaded targeted (i.e., KE108-conjugated) micelles (i.e., AB3-T) exhibited the best efficacy of suppressing proliferation in both TT and MZ-CRC-1 cells in comparison with other treatment groups. The enhanced cytotoxicity of AB3-T over non-targeted ones (i.e., AB3-NT) was attributed to their enhanced cellular uptake as discussed above. Moreover, neither the empty nontargeted (i.e., Empty NT) micelles nor targeted (i.e., Empty T) ones exhibited any apparent cytotoxicity. Notably, it was also observed that cells treated with AB3-T were more sensitive than free AB3. To further investigate the effect of KE108 conjugation on the anticancer efficacy of AB3-loaded targeted micelles, Western blot analyses on MTC marker expression in MTC cells were carried out. ASCL-1 and CgA are well established MTC markers, and high levels of ASCL-1 and CgA are linked to the poor prognosis of MTC 50, 51 . As shown in Figure 5 (C) and (D), the AB3-T were much more effective in reducing the expression of both ASCL-1 and CgA than AB3-NT as well as free AB3, which is in good agreement with the MTT results. The quantitative analyses of Western blot data are shown in the Figure S4 .
The antitumor study of the AB3-loaded micelles in vivo was then performed. TT-tumorbearing mice were intravenously treated with saline (control), pure AB3, empty non-targeted micelles (Empty NT), empty targeted (i.e., KE108-conjugated) micelles (Empty T), AB3-loaded non-targeted micelles (AB3-NT), or AB3-loaded targeted micelles (AB3-T) at an equivalent AB3 dosage of 20 mg/kg BW every five days for a total of five treatments. As shown in Figure 6 (A), neither Empty NT nor Empty T induced any antitumor effect, while all drug treatment groups significantly decreased the tumor burden as compared to the saline control group. However, AB3-T induced the highest antitumor efficacy among all treatment groups. No noticeable changes in body weight or survival were observed in the AB3-NT or AB3-T groups. In contrast, while free AB3 also exhibited inhibition of tumor growth when compared to the control, its severe toxicity in mice was demonstrated by decreased survival (3 out of the 6 mice died during the experiment). Pathological assessment of H&E-stained sections of different organs (i.e., brain, heart, liver and leg muscles) of mice treated with AB-T micelles (Figure 6 (B) ) did not indicate any signs of acute or chronic inflammation, or apoptotic or necrotic regions, suggesting that the AB3-loaded targeted unimolecular micelle delivery system was safe for organs other than the NE cancerous tissues, and that the potential off-target uptake of micelles by normal tissues did not cause any detectable damage. These findings may support the development of AB3-loaded, KE108-conjugated tumor-targeting unimolecular micelles in the treatment and palliation of patients with MTC cancers. This approach can significantly enhance the therapeutic outcome of cancer therapy while minimizing undesirable side-effects.
DISCUSSION
MTC, derived from the parafollicular cells (C-cells) of the thyroid, is an aggressive subtype of thyroid cancers 1, 2 . Like most thyroid cancers, surgical resection is the predominant treatment modality and can be curative in selected patients. However, unlike welldifferentiated thyroid cancers which can be treated with surgery and/or radioactive iodine even when metastases develop, patients with MTC metastases have limited options. Hence, it is of great importance to developing other effective treatment modalities. We have recently reported that AB3, a new HDAC inhibitor, can effectively inhibit MTC proliferation and suppress the expression of tumor markers 7 . In order to further increase its therapeutic indexes and minimize its off-target toxicities, in this study, we have successfully developed a multifunctional unimolecular micelle for targeted delivery of AB3 for MTC treatment. Unimolecular micelle was formed by individual multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-OCH 3 /KE108/Cy5. All of the components of the unimolecular micelles were covalently linked, thereby conferring outstanding stability. Moreover, the average hydrodynamic size of the micelles was 58 nm, which is desirable for tumor-targeted drug delivery 52 . AB3 was physically loaded into the hydrophobic core of the unimolecular micelles via hydrophobic interaction as well as hydrogen bonding. The in vitro drug release study showed that AB3 was released in a pH-dependent manner. This pH-dependent release behavior is of particular interest for drug delivery systems for cancer therapies. It is expected that AB3 is sufficiently stable in micelles with minimal drug leakage during blood circulation. After the AB3-loaded micelles are taken up by cancer cells through endocytosis, where acidic endosomes or lysosomes are involved, AB3 will be released relatively quickly to effectively kill the cancer cells.
Somatostatin analogs, KE108 and OCT, were used as the targeting ligand. Through quantitative flow cytometry analyses, we demonstrated that both KE108-conjugated and OCT-conjugated micelles were taken up to a greater extent than non-targeted micelles in MTC cells. Meanwhile, the cellular uptake of the KE108-conjugated micelles exhibited superior targeting ability compared to OCT-conjugated micelles, which is due to the fact that KE108 peptide possesses high affinity for all five subtypes of somatostatin receptors (SSTR 1-5), while OCT, the clinically used somatostatin analog, only displays high affinity to SSTR2. It is worth mentioning that other than MTCs, these KE108-conjugated micelles can also be potentially used as targeted drug nanocarriers for several other types of cancers that overexpress SSTRs, including melanomas 53 and breast cancers 54 .
The KE108-functionalized AB3-loaded unimolecular micelles were able to suppress cell growth and tumor marker expression in MTC cells to a significantly greater extent compared to non-targeted ones, further demonstrating the targeting ability of KE108. It is noted that the KE108 functionalized AB3-loaded unimolecular micelles also exhibited better anticancer effect than free AB3 in vitro. These differences may be attributable to two possible reasons. First, it may be due to the different mechanisms of cellular uptake for free drug versus drug encapsulated in targeted micelles. The cellular uptake of free AB3 occurs through a passive diffusion mechanism and the drug may be expelled out through the Pglycoprotein (P-gp) pump 55 , while AB3-T were taken up by receptor-mediated endocytosis, which may overcome the P-gp pumping action 56 . Second, it might be due to the poor solubility and stability of free AB3. The stability and solubility of AB3 loaded inside of the targeted micelles can be greatly enhanced. In addition to highlighting the ability of KE108-conjugated micelles to effectively target and deliver AF to MTC cells in vitro, we studied the in vivo anti-tumor efficacy. AB3-loaded targeted micelles demonstrated a much higher antitumor effect statistically compared to other treatments groups. H&E analyses on the major organs did not show any indication of inflammation, or apoptotic or necrotic regions. However, the pure AB3 treatment group showed a low survival rate (3 out of the 6 mice died).
Currently, the majority of drug discovery and development efforts for MTCs have been limited to somatostatin analogs and repurposing various existing anticancer drugs. Both approaches have significant shortcomings. First, somatostatin analogs lack adequate antiproliferative efficacy against MTCs and patients develop resistance to the therapy over time. Second, systemic non-targeted delivery of chemotherapeutics can lead to profound side effects. Our findings address these major issues by demonstrating that (1) SSTRs can serve as targets for patients with MTCs, (2) KE108 peptide can be used as a superior targeting ligand for SSTRs in comparison with other common somatostatin analogs, such as OCT, and (3) unimolecular micelles conjugated with KE108 can serve as drug delivery vehicles for any hydrophobic anticancer drugs including therapeutic HDACis such as AB3, which will reduce systemic side-effects.
CONCLUSIONS
The multifunctional unimolecular micelles made of multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-OCH 3 /KE108/Cy5 were developed for targeted MTC therapy. KE108 peptide, displaying high affinity to all five subtypes of SSTRs (SSTR 1-5), was employed as a novel targeting moiety for MTCs overexpressing SSTRs. The cellular uptake of the targeted unimolecular micelles in the MTC cells was dramatically enhanced compared to that of either OCT-conjugated ones or non-targeted ones. Moreover, AB3-loaded and KE108-conjugated unimolecular micelles were much more effective at suppressing MTC cell growth and hormone production than other types of micelles or free AB3. Finally, in vivo studies demonstrated that the AB3-loaded and KE108-conjugated micelles exhibited the best antitumor efficacy. Thus, these AB3-loaded and KE108-conjugated micelles offer a promising approach for targeted MTC therapy. (A) The expression levels of the five subtypes of SSTR in TT and MZ-CRC-1 cells. Flow cytometry analysis of the (B) TT and (C) WI-38 cells treated with pure medium (control), non-targeted, OCT-conjugated or KE108-conjugated unimolecular micelles (100 μg/mL) for 2 h at 37 °C. xenografts. All values are presented as a mean ± SD (n = 6). *: P < 0.05; **: P < 0.01; NS: not significant. #: Three mice died in the AB3 group due to its severe toxicity. (B) Representative H&E-stained sections of brain, heart, liver, and leg muscles of a mouse treated with AB3-T.
